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1 Introduction

The behavior of coupled structural walls during strong earthquakes is greatly influenced
by the stragth, stiffness and energy dissipation capacity of coupling beams. Givierlothie

spanto-depth ratio (typically less than 3) and expected high shear stress demand (often greater

than 6 Tmpsi], wheref .@s the concrete compressive strengthe design and construction of

these coupling beams have long repre=gatchallenge to structural engineers and contractors.

Current design practice for coupling beams in regions of s@jgpmicityis primarily based on
results from research conducted in the late 1960s and early 1970s in New ZPalaagt 1971;
Paulay and Binney, 1974; Paulay and Santhakumar, 19f6é)desigrgenerally incudes the use

of diagonal bars in sufficient amousuch as to resist the entire design shear force. Further,
transverse reinforcement similar to that usegatential plastic hinge regions oblumns of
special moment resisting frames is required to provide confinement éithire diagonal
reinforcing barsor to the entire coupling beagore As shown inFigure 1.1, this design is
difficult to construct given the intricate reinforcement detailing involved and the need to

At hreado diagonal b a wall baurtdaryoreggris. heavi |l 'y conges

Figure 1.1: Typical ReinforcementDetailing in a Diagonally Reinforced Coupling Beam Courtesy of Rémy Lequesne)

As an alternative to the reinforcement detailing discussed above, tloé filser reinforcement

has been extensively investigated in order to evaluate its potential to substantially simplify the
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design of couplindpeams (Canbolat, ParMontesinos and Wight, 200kpquesne, 201 Setkit,

2012 LequesneParraMontesinos and Vigint, 2013 ParraMontesinos et al., 2014). As part of

this effort, one design has been recommended for use in relatively slender coupling beams (span
to-depth ratios greater than or equal to 2.2). This design consists of the use of longitudinal and
transvese reinforcement only (i.e., no diagonal bars), with cohiype special confinement at

the beam ends over a length ha beam depth from the wall faces. This reinforcement design,
when used in combination with.2 in. long and 0.015 irdiameter hooke steel fibers with a
nominal tensile strength of 330 ksi, has been shown to lead to drift capacities of atieaist 5

coupling beams subjected to shear stress levels comparable to the maximum limit allowed in

ACI| 31814 (ACI Committee 318, 2014) for ationally reinforced coupling beams (10xe
[psi]). The significant simplifications in reinforcement detailing achieved through the use of this
fiber reinforced concrete has led to the recent implementation of this design in twoshkigh
building piojects in the State of Washington (Paktantesinos et al.2014; Kopczynski and
Whiteley, 2016).Figure 1.2 showsthe casting of a fiber reinforced concrete coupling beam in
The Martinbuilding in Seattle, WA.

Figure 1.2: Casting of Fiber Reinforced Concrete Coupling Beam in The Martin Building, Seattle, WA



The wide implementation of a fiber reinforced concrete coupling beam design in the United

States and elsewhere requires, aghother things, the specification of performance criteria for

fiber reinforced concrete such that the design is not tied to the use of a particular type of fiber at

a given amount. Ideally, structural designers and contractors should be able to spesigl mat
performance criteria t h#vel oivseignicdperfdrsmanseu(e.g,0
minimum drift capacityfor a given expected shear stieiseam the coupling beam3 owards this
end, an experimental research program was conducted in order ltatevéhe seismic
performance of coupling beams constructed with various typeseeffibers and in different

dosages.

Eight fiber reinforced concrete (FRGpupling beara were tested under large displacement
reversals Also, fourpoint bending testsdirect tenson tests and compression testwere
conducted on the various FRCs investigated for evaluation of material perforrBaiseel. on
the results fromthis research and thoseported elsewhere (Pakéontesinos et al., 2014)
recommendations are @n that tie material performance with coupling beam driftexmected
shear stress demand so that a simplified oetcgfment detailing can be usasl an alternative to
the current diagonally reinforced coupling beam design specified in the 2014 AChBulldde
(ACI Committee 318, 2014).

a



2 Experimental Program

2.1 Overview

Pastexperimentalesearch(Setkit, 2012;ParraMontesinos et al., 20)4showed that the
use of tensile strain hardening fiber reinforced condie®C)in coupling beamsvith spanto-
depth ratio of 2.2 or greatedlowed the elimination of diagonal reinforcement whalesuring
adequateshearstrength and rift capacity Only a singlestrainhardening=RC was investigated,
however, which featured 1.18 in. long, 0.015 in. diameter hoskeel fibers with a tensile
strength of 330 ksi at a 1.5fiber volume fraction V). There is thereforaneed to evaluate the
possibility of using lower fiber dosages or other fiber types, based on the expected coupling

beam drift and shear stress densand

The experimental studyeported herein was aimed Btevaluating the performanasder large
displacement reversalsf coupling beams without diagonal reinforcement construeted
various FRCs (fibetype anddosagg 2) evaluatingthe bending tersile and compressive
behavior ofthe variousFRCsinvestigated; and 3gstablising a link between the mechanical

properties of FRC and the structural performance of the FRC coupling beams.

2.2 Coupling Beam TestSpecimens

Eight coupling beam specimens weested under lateral displacement reverdaisch
coupling beam specimen consisted opfrecast rectangular coupling beam connected to two
large rectangular blocks that simulated the end regions of two walls being coupled. Main

variables investigated weré) coupling beam spa-depth ratio I/h (3.0 and 2.0), 2) peak

shear stress demafg p ¢ "@e [psi]), and 3) type of fiber reinforced concrete (i.e., fiber type

and dosage)

The FRCsconsidered in this experimental work hamh averagea compressive strength of
approximately9000 psi (62MPa). Three different fibersvere evaluatg, HE 55/35, RC 55/30
BG, and RC 80/30 BRibers with a nominal tensile strength of 1&k4i, 195ksi and 330ksi,
respectively HE 55/35 fibers were manufactured by ArcelorMittal and both RC 55/30 BG and



RC 80/30 BP fibers were manufactured by Bekaerp@ation.Figure2.1 shows the geometry

of the three fibers investigated.

Along with the casting of each coupling beam specimen, several material samples were cast from
the sameconcretebatches to evaluate the flexural, tensited compressive behavior of these
FRCs.A total of six different FRCs were investigated depending on the beanisgapth ratio

and expected shear stress demasdhown imTable2.1. In general, coupling beams constructed

with the FRCs expected to show the best performance were designed for higher shear stress
demands (approximately p ¢ "@e[psi]). Coupling beams constructed with lower performing

FRCs, on the other hand, were designed for shear stresses approximatelyQe(psi). Also,
materials expected to perform the best were used in the coupling bearghwitR.0 given tle

more importantole played by shear in these beams compared to thosgMith3.0.

Table 2.1: FRC Used in Each Coupling Beam Specimen

Coupling Beam . Target shear
Sgec?men I/h Fiber Type Vi stress ( '@ psi)
CB1 3.0 HE 55/35 1.25% 12
CB2 3.0 HE 55/35 1.25% 8-10
CBs3 3.0 RC 55/30 BG 1.25% 8-10
CB4 3.0 RC 55/30 BG 1.00% 6-8
CB5 3.0 RC 80/30 BP 1.00% 6-8
CB6 2.0 HE 55/35 1.50% 8-10
CB7 2.0 RC 80/30 BP 1.50% 8-10
CBS8 2.0 RC 80/30 BP 1.50% 8-10




1.38in ‘ 0.022 in
HE 55/35 ‘ J

1.18 in ‘ 0.022 in

RC 55/30 BG

o

1.18 in ‘ 0.0151in
RC 80/30 BP J

Figure 2.1: Steel Fiber Reinforcement

2.2.1 Coupling BeanReinforcemenbDesign

The coupling beam specimens investigated in this experimeatklhad a spato-depth
ratio @ 7Q of either 20 or 3.0. ACI 318-14 provides two alternatives foretdesign of coupling
beams with spato depth ratios greater than or equal 10 &d less than @. Coupling beams
that fall in this range¢8t a FQ 18t can be designeditheras beams of special moment
resisting frames peBection 18.6 of ACI 3184 or as diagonally reinforced coupling beams
following ACI 31814 Section 18.10.7.2. The coupling beam specimens of this experimental

work were not designed following either of the alternativesn ACI 318-14.

Because of the enhanced ductility, shear strength and confinement capability exhibited by FRCs,
as well as results from previous investigations (Setkit, 2012; -Reomdesinos et al., 2014
simplified reinforcement detailing without any diagonal reraEmentwas used in all coupling

beam specimensThe first step in thedesign processonsisted ofselecting the target shear
demandw. Based on theelectedshear demandhe moment demand , was calculated as

0 W a | ¢, wherea is the clear span length of the coupling beam



The shear strength of the coupling beamas assumed to be the result of contributions fitoen
FRC, referred to herein a®, and the transverse steel, (truss mechanisin Resuls from

previous researchn coupling beams constructed using a tensile straidening FRGuggesta

shear stres®f v Tée(psi) as a upper limit forthe FRC contribution to the overall shear
capacity of the couplg beams (Lequesn011). The ®upling beams tested in this study,
except for one case, were designed sotthate s h e a on the éRCmeuld dobexceed this
limit. Calculatedw demands for each test specimen based on the peak applied shear and

measured yield strength of thraisverse steel are discusse&attion4.5.1

For each specimen, two different transverse steel designs were provided, one for the plastic hinge
regions, and the other for the region outside of the plastic hinges. Fan gegmpses, and based
on previous worKLequesne et. al, 20),3he plastic hinge regions were assumed to extend half
the overall beam depth from each emtie spacing of the transverse steel outside the plastic
hinge regionsselected to consist of siegt3 hoopswasdeterminedo that

0 Q0Q

i ,
R Y

whered is the area of one transverse steel h@@g2 in?),"Q is the yield strength of the
transversesteel (taken as60 ksifor design purposgsandQis effective depth of the coupling

beam. For simplicity, a single value af of 15.5 in. was used, which corresponded to
approximately 85% of the overall beam depth

The transverse reinforcementthe plastic hinge regionwas detailed followingas practicably

as possiblethe provisions for columns of special moment resisting frames of Chapter 18 of the
ACI 31814, particularly the provisions shown in the Table 18.7.5.4. This was dgrewvile

large confinementn the plastic hinge regiongiven the combination oflarge inelastic rotation

and shear stress reversal$ie provisionsof Table 18.7.5.4 resulted in B8 in. spacingor
doublehoops made of #4 barBecause of theonstructabilityissues that would be created by
such a small spacinthe spacing of #4 hoops was selected to be 2bhis spacingatisfed the
confinementprovisionsonly in the direction parallel to the width of the coupling beaiiitss
detailing howeverwas deemed apppriate consideringhat thefiber reinforcementvould also

contribute to the confinement of the concrete core



Once thetransverse reinforcememesignwas completed the longitudinal reinforcementas
selectedsuch that the expected flexural capacitythe coupling beam would be approximately
equal tothe previously calculated moment . The coupling beamwere thereforeexpected to
exhibit a flexurallydominated behaviorBecause no fibersvould cross the cold joint
corresponding to the watb-coupling beam interface, Shapedyars ordowels(two sets at each
end) were provided to strengthen this section, prevent concentration of inelastic deformations
and thus, a premature sliding shear failufée extension of théegsof the doweldnto the end
blocks was sufficient to ensure full developmehthese barsThe extension into the coupling
beammeasured from the wall faces, on the other handiaried depending on the specimbéaing

14 bar diameterfor Specimen CBXnd 9 bar diameters for Specimens CB2 through CB5 with
a¥Q o8t and 6 bar diameters for Specimen CB6 through CB8 wili2 ¢8t. It was
expected that the bends amdproved bond contibns provided by thd~RC material would
allow the development of these bars over st lengtk.

Two critical sections were consi@erfor flexure the wallto-coupling beam iterface and the
section adjacent to the termination of intermediate dowel reinforcefle@atmoment capacity
was taken as the maximum probable moment obtained froamentcurvature analyses
assuming an axial force equal #9% of thetarget shear demandased on experimental
observations by Lequesne (201apdfollowing the material model recommendations in Setkit
(2012) for the higher performing FROBigure 2.2 throughFigure 2.6 show the reinforcement

detailing used for each of the coupling beam specimens.
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Figure 2.2: Reinforcement Detailing of Coupling BeamCB1
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Figure 2.3: Reinforcement Detailing ofCoupling Beans CB2 and CB3
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Figure 2.4: Reinforcement Detailing of Coupling Beans CB4 and CB5
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Figure 2.5: Reinforcement Detailing of Coupling BeamCB6
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Figure 2.6: Reinforcement Detailing of Coupling Beans CB7 and CB8

As mentioned above, each coupling beam specimen was connected to two large blocks aimed at
simulating the boundary regions of the walls beingpled.Theseend blocksvere designedor

the forces associated with a coupling beam sheab@kips, which is significantly larger than

the maximum expected shear in any of the test coupling be&gsire 2.7 showsa detaied

drawing of theassembled reinforcemeand a typical cross section of bathd blocks PVC

pipes, used to insert throwdpolts for connection to the strong floor or other test setup fixtures,

are omitted from the drawings for clarity.

All of the skelreinforcement used in thigroject was cut and bent to specifications by a local
supplier.

2.2.2 Mixing of FRC andCoupling BeanSpecimen Construction

All of the FRCs used in the coupling beam specimens and material test samples were
mixed and batched in thé/isconsin Structures and Materials Testing Laboratory (WSMTL).
The materials needed for the FRCs were procured from local suppliers with the exception of the
steel fibers. The FRCs studied in this project followed very similar proportions to one of the
strainrhardening FRC mixtures that were previously investigated for coupling beam applications
(Setkit, 2012). The main exception was that no viscosity modifying agents or super plasticizers
were used for the mixtures investigated in this study. All the FR@ures used Portland cement

Type |, and the coarse aggregate consisted of 3/8 in. maximum size crushed limestone. The sand
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used was washed gravel sand known as Torpedo Sand, which is typically graded from mesh

#200 to 3/16 inTable 2.2 presents the target mixture proportions for the FRCs used in this
project.

87"

2 075" 19 @ 4"
F& T N1——3 #8 Bars
2 #7 Bars

#4 Hoops

2 #7 Bars
3 #8 Bars
1n "
g 4; 45— ksiﬁ
9
573"
2" Jr0.75" 9 @ 4"
ri 0 +—3 #8 Bars i f
b at——2 #7 Bars ~ + .
24" 7#4 Hoops
3l 1
b Ekz #7 Bars S =
Q ——3 #8 Bars
L2ew—] 5l e ]
" 4 o,
18 4 4 3 2 . 63

Figure 2.7: Reinforcement for the End Blocks Simulating Wall Boundary Regiongabove: top block; below: bottom
block)

Table 2.2: FRC Proportions

. Proportions
Material by Weight
Portland Cement 1.2
Class C Fly Ash 0.3
Torpedo Sand 1.7
Coarse Aggregate 1.0
Water 0.6

Three FRC batches afpproximately3.5 ft*> were mixed eery time a oupling beam specimen
was castHalf of eachcoupling beam plus serad material samples were cagith each ofthe
first two batches of FRQvhile the third batch was used to finish castingrigi@aindematerial
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test samplesThe concrete mier, along with several materials sample forms and a coupling

beam specimen ready for castingn be seen iRigure2.8.

The concrete was mixed using the following procedure

1 FHy ash, cement and sand were added into the cenometer and mixed until all three
materials were mixed thoroughly and unifornféypproximately 4 minutes)

1 Between 50 to 70% of the water was gradually added and mixed until awantgable
mortar was achieved.

1 The coarse aggregate was tlagided and mied thoroughly fopproximately3 minutes.
Additional water was added if the concrete consistency was deemédyto

1 Fibers were added and mixed fpproximately3 minutes. The mixer was then stodpe
for 2-3 minutes to allow thelge bindingthe fibersto dissolve in the wateiThe concrete
wasmixed againfor an additional 23 minutes to disperse the fibers throughout the fresh

concrete.

Figure 2.8: Mixing FRC and Coupling Beam Specimen Ready for Castg
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None of the aggregates were oven dried before mixing and their moisture content varied
considerably. Therefore, adjustments due to moisture content of the aggregates were not
possible. Because of thisften times the amount of water required by desigis not entirely

used. The decision of how much wateuse was made by inspecting the fresh concrete until the
workability of the mixture was deemed acceptabkble 2.3 presentshe averageslumpfor the

FRCs used in all efg coupling beam specimens

Table 2.3: Summary of the FRC used for each Coupling Beam Specimen

Coupling Beam _. Slum
Sgecigmen Fiber Type | Vi (in.)p
CB1 HE 55/35 | 1.25%| 9.1
CB2 HE 55/35 | 1.25%| 7.8
CB3 RC55/30 B | 1.25%| 7.2
CB4 RC 55/30 BG| 1.00%| 7.0
CB5 RC 80/30 BP| 1.00%| 6.9
CB6 HE 55/35 | 1.50%| 4.6
CB7 RC 80/30 BP| 1.50%| 5.8
CB8 RC 80/30 BP| 1.50%| 5.4

Each oupling beam specimen was castd coveed with plastic until it was aeolded a day or

two after castingln order to have a complete specintka preast coupling beam was inserted

into theforms for the end blocksvhich had all the reinforcement already in pldégure 2.9

shows the spewien being inserted into the forms for tied blocksin preparation for casting.

Each coupling beam was embedded into the end bl@agsoximately3/4 in. (i.e., until the
concrete surface of the precast beam was in contact with the reinforcement cage af the en
blockg. Once the beam ag insertd into the forms, itwas squared and leveled as best as
possible andinally securedfor casting the end block3he end blocks were cast using ready

mix concrete with a specifietbmpressivetrength of 500@si and a maximum aggregate size of

3/8 in, ordered from a local supplier. A set@fhd blocks being cast can been inFigure2.10

anda finishedcoupling beanspecimens shownin Figure2.11.

13



Figure 2.10: End Blocks Being Cast

2.2.3 Test Setup Description

As discussed previously, each coupling beam specaoesisted of a rectangular section
coupling beam connected to two stiff blocks simulating the edges of the structural walls being

coupled. For testing convenience, the coupling beams were tested rotated 90° (vertical) from

14



their typical horizontal orientan. The test setup, shown kigure2.12, was designed based on

the existing features and limitation of the laboratory.

Figure 2.11: Finished Coupling Beam Specimen

One of thetwo end blocks was anchored to the laboratory strong floor. Lateral displacements
(and shear) were applied to the coupling beam through a horizeotalhted 20€kip hydraulic
actuator connected at one end to a reaction concrete (sleekigure2.13) and at the other end

to a stiff steel arm, in turn connected to the top block of the specimen. In order keep both end
blocks parallel during testing, two vertical steel arms were used, connected at one end to the
strong floor and tathe other end to the top blodkach of these two arms was instrumented with

a load cell.Besides keeping the two blocks as parallel as practicable, these linkzalsted
restrait againstaxial expansion of the coupling beam caused by concrete ingacind
reinforcement yielding during testingn real buildings, restraint against axial expansion of the
coupling beams is provided by the walls and floor slabs. Thus, ignoring this restrding

testing would prevent the evaluation oéxpansioAnduced axial forces on coupling beam
behavior.

15
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Figure 2.12: Coupling Beam Test Setup

Figure 2.13: Hydraulic Actuator Connected to Concrete Reaction Block
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2.2.4 |Instrumentation Used

Several instruments and sensors were usednomitor displacements forces and
deformationsapplied to or experienced by the coupling beam specini2isplacements and
forces applied by the hydraulic actuator were monitored through &TLland load cell attached
to the actuator. Two horizontatring potentiometersattached to the top and bottom specimen
blocks, were used during the test to control the applied relative horizontal displacement between
the top and bottom blocks. Relativietk displacements, as well as deformations experienced by
the coupling beams, were monitored through the use of ecomact infrareebased system
(NDI Measurement Science01), where the position of markers attached to the specimen
surface was contuously monitored during testinglhe Optotrak Certus system by NDI
Measurement Sciences alledvtracking the position of infrared markers in real time with a
precision ranging from 0.00& 0.01 in. The marker grid used for the coupling beams aifi®

of 3.0 and 20 areshownin Figure2.14 andFigure2.15 respectively.

AT
2‘}»* -

. . . .

12@5"

Figure 2.14: Optotrak Marker Layout for Coupling Beams withm TI 8
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Figure 2.15: Optotrak Marker Layout for Coupling Beams withm 7 || 8

In order to monitor the axial load developed in the coupling beams during testing, tvkg 100
capacity load cells were instadl in the vertical steel links that restrained the axial expansion of
the coupling beams.

Strains at various locationsn the steel reinforcement were also measured throughout the
coupling beam testsStrain gauges were installed both longitudinal andransverse steel
reinforcementand protected against moisture and other hazards with strain gauge coatings and
electrical mastic tape. Strain gauges being installeccaatkdstrain gauges are shownkigure

2.16. The locatios of the strain gauges @pecimen<B1, CB2throughCB5, and CB6 through

CB8 are shown irFigure 2.17, Figure 2.18 and Figure 2.19, respectively.Strain gauges on
longitudinal, tansverse and dowel reinforcement are labeled as F (flex8rébhear), and D

(dowel), respectively.
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Figure 2.17: Strain GaugeLocations and Identification (Coupling BeamCB1)
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Figure 2.18: Strain Gauges Locatiors and Identification (Coupling BeamsCB2-CB5)
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Figure 2.19: Strain Gauges Locatiors and Identification (Coupling BeamsCB6-CB8)

2.2.5 Test Protocol (Displacement History)

The coupling beam tests consistédapplying cycles ofateraldisplacenent reversalsf
increasing magnitude. Thalowed thestudyof the behavior of the FRC coupling beanvhen
subjected to reversed cyclic displacements similathtwse that the coupling beam could
experience during krgeearthquakeThedrift history applied to Couptig Beam CB1 is shown
in Figure2.20. Thedrift history applied to all other coupling beams, showfigure2.21, was
slightly different than that applied to Coupling Beam CB1 because the Jatedeema too
severe Coupling beam uft in Figure 2.20 and Figure 2.21 refers to the relative lateral

displacemenbetween the top and bottom bloaksided by the coupling beam clear spangth,
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O . Thedrift magnitude wasncremented by 0.25%fter each cycleip to 1.0%6 drift. This drift
increment was then increased®% for the cyclesup to 2.0%drift. From 2.0% onwards the

drift increment was 1.0%ne cycle was applied to eadtift level, except ér thecycles to drift

levels below 1.0%, which were applied twid®ositive loading direction refers to the actuator
pulling the coupling beams while the negative direction refers to the actuator pushing the

coupling beam.

2.2.6 Dirift Calculation and Adjustmerior End Block Rotations

Small rotations of the end blocks during testing ledniaor differences between the
target drift and the actual drift applied. Thus, the drifts reported correspohne &verage chord
rotation of the coupling beams, which acoted for any rotation of the end blocKshe
exceptions are the drifts reportadten referringto the application of a particular drift cycle

duringatest(e.qg.,drift cycles are referred to based on the target drift; 2.0%, 3.0%, etc.).

Figure 2.22 shows the deformed shaped of a coupling beam with the bottom and top
blocks rotated by an andle and| , respectively. The corrected coupling beam drift was

calculated as,

whereis the relative lateral displacement of the end blogkis the clear span length of the
coupling beam, and and| are the angle of rotation of the end blocks inaad and positive

as shown irFigure2.22.

2.2.7 Calculation of Coupling Beam Shear Distortions

In order to determine the deformations occurring throughout the length of each coupling
beam specimen, the grid of Optotrak markers dasded into several marker strips. Each
marker strip consisted of two adjacent rows of optical markers, which were used to determine the
average shear distortion per strip. The marker layout and strips used for the coupling beam

specimens witlix #Qof 3.0 and 2.0 arshownin Figure2.23 andFigure2.24, respectively.
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Figure 2.20: Displacement History used forSpecimenCB1
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Figure 2.21: Displacement History used forSpecimens CB2 throughCB8
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Figure 2.24: Marker Strips for Coupling Beams with m TI 8

Each markertsip can be divided into three rectanguédements with an optical marker at each
node. In order to caltate the average shear distortion faclke strip, theverageshear distortion
[ of each individual elment in the strip was calculatdeigure2.25 shows a typicaklenent in

a marker strip in its uteformed and deformed abe.

X

Figure 2.25: Deformed Elementfor lllustration of Shear Distortion Calculations

The shear disrtion of each element throught the coupling beam and the average shear

distortion per strip were caltated for each time instardf data recordedFor illustration
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purposes, consider the element showirigure 2.25, which is formed by markensl1 through
M4. At any given time, the coordinates of M1 through M4 define #fepe 6the¢ element
on the beamiThe distortion anglg can be calculated as,

| | | |

I o
C q

where the angles ,| ,| ,and areas shown inFigure2.25. The angles and| must not
be confused with the angles shownRigure2.22, used for the adjusted drift calculationfiese

angles are calculated based on the coatdsof each marker,as

The average shear distortion of thestrip, formed by elements, ¢ pandé¢ ¢, wasthen

calculated as

2.2.8 Calculation of Coupling Bearf@urvatures

The averageurvature for each arker strip wasalculated based on the coordinates of
the markers located #te cornes of the strip.Figure 2.26 shows the deformed shape of e
strip of the coupling beam and the variables used to calculate theucareat each strip along
the beaniength

The markers identified as TLTR, BL; and BR in Figure 2.26 define the location of the four
corners of théQ strip in the coupling beam. Based on their position data the aveeatjeal
strains at the left and right side of the strip were calculated and used to define the average

curvature of the strip as follows,

%60 - — ¢
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where- and- are the strains at the right and left side of the strip as shokigune2.26, 0 is
the average length of the strif, is the average height of the strip, &ds the curvature of the

‘Q strip on the coupling beam at any given time

TR,

STRIP i-1

TL,

77777 *-—— ——— — 8 ————— T

STRIP i > STRIP i (

BR "
. . . . BLI\/,/L J
Y ——— — — — — *— — — — — — . —— — — —e

f STRIP i+1

Figure 2.26: Curvature Calculation Variables and Deformed Marker Strip

2.3 FRC Material Testing

The behavior of the various FRCs investigated was evaluated through four types of tests:
1) four-point bending tests omotched beamg) four-point bending tests omn-notched beams,

3) direct tensile tests on notched specimand,4) cylinder compressive tests.

Table Al in Appendix A shows a list of athaterialsamples tested along with the test dates.
Although it was desirable foerform all four types of tesfer a given FRC material within a few
days,this was not always pgible,particularly for the FRC materials used in Specimens CB6
and CB7. All tests, however, were conducted at least 28 days after castithgismtreasesn
strength over time beyond the earliest test dagre expected to be minor (e.g.,18% incrase

in compressive strengtias measuredver a period of 117 days for the FRC used in Specimen
CB7). Therefore,changes in the correlation between bending, tension and compression test
resultsdue to differences between test datese expected to be nagjble and overshadowed by

regular variabilities associated with concrete material tests.
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2.3.1 BendingTests(Notched Beam

In order to evaluate the flexural performance of the various FRCs considered in this
study, notched beam specimens were tested usifdT& load frame in a foupoint loading
configuration as shown ifrigure 2.27. All the specimens were tested using a displacement
control protocol with adisplacementate of 0.005 in./minbased on the displacement of the
hydraulc actuator The notched bearspecimens consisted 6fby 6 by 20 inelementswith a
notch1.5 in.deepand approximately 1/B. wide sawcut at midspan.The Optotrak gstem was
used to monitor beam deflections as well as crack openings throudjeotests. Figure 2.27
shows a schematic of the setup used for testing the notched beam speeaioregwith the

infrared marker layout.

fCE=E=0]

[ ] [ ] 4("
6" o o 11w 42}
2 2"
° ofe ®
9" "
SN O

87"
4
1 8"

@® Optotrak Markers

Figure 2.27: Notched Beam Test Setup and MarkeLayout

The crack opening at the location of the notcld was estimated based on the marker position
data. The crack opening of each notched beam specimen can be calculategiquainn7,
where D1qp is the distance in inches from the bottom of thanbeo the uppermost row of
markers,Nd is the notch depth in inches; and— are the angle of rotation (rad) of thelumn

of markers to the left and right of the notch respectiyien as positive as shown kigure

2.28), w @ is the distance between the two marker columjacent to the notclat the top
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row of markers and 0 is equaltow @ at the initial time to. Figure 2.28 illustrates the

geometry and variables used to calculate the crack opening.
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Figure 2.28: Crack Opening Calculation Schematic

2.3.2 BendingTests(Un-notched Beams)

In addition to the notcliebeam specimensn-notchedbeam specimenas specified in
ASTM C160912 were tested tdurther assess the flexural behavior of the FRCs investigated.
These beam specimens consisted of 6 by 6 by Zdeémentghat were tested usingfeur-point
loadingconfiguration with the same loading rate ugadthe notched beams (0.006/min). The
Optotrak sgtem was once again used to monitor deflections and crack openings in these beams.
However,becauseahe exact location of the origin of the crack is notwna priori, a larger
marker grid was usedompared to that used on the notched bed&igsire 2.29 shows the test

configuration as well as the marker layout utilized for these beams.

In order to calculate the crack opening, tbeation at which the concrete first cracked was
required. The start of the crack was estimated using a combination of inspection of the tested
sample,change in distance betweéme markers in the bottom row, as well as the observed

rotations on each cahin of markers. Once the approximate location of the crack was
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determined, the rotations of the columns of markers closest to the crack were sklected
calculation ofcrack openingFigure 2.30 shows themarkers in the undeformemhd deformed

beam shape, as wdlle variables used to calculate the crack opening of the beams
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Figure 2.29: Un-notched Beam TesSetup and Marker Layout
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Figure 2.30: Crack Opening Calculation Schematic Un-notchedBeamg

The calculation of the crack opening is very similathtat forthe notched beams. However, due
to the varying location of the crack, the rotations and distance between markers cededlate

the crack opening variedif each specimen. That ig,&0 ,— and— were calculated using the
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columns of markerslosest to the crack origiisee Figure 2.30)Jn some samples, one or both of

the columns of markers closest to the crack origin would result in anomalous crack opening
calculaions due to markers falling off. Whenever this occurred the next closest cgbrmn
columng of markerswereused for the calculation of the crack openifige crack opening for

the beam samples wadaaated according t&quation8.

x 0 — — 0® AN U

2.3.3 Direct Tension Tests

The tension specimens consisiof a 6 by 6 by 14 in. concrete prism with58 in.
diameter reinforcement bafongits longitudinalaxis. The reinfornng bar wasdiscontinuous at
mid-length of the specimerwhere a notch with a depth &4 in. wassawcut aroundthe
specimen to force the failure to occur at this locatiidre bar endsvere clamped into an MTS
hydraulic load frame anthe specimertested under displacement contadl arate of 0.002
in./min until the specimen cracked. After cracking, theplacementate was increased to 0.02
in./min until the end of the tesOptotrakinfrared markersvere used to track the crack open
of the specimen throughout the test. A tension specandrthe optical marker layout asBown

in Figure2.31.

In order to estimate the crack opening inspecimensvhile taking into account any rotati@m

each side of # notch during testinghe data from the markevgereused to define two planes
(above and below the notch) corresponding to the sections where the nveeketscated.

Three points in space were required to define these planes. Thus, in order tahdeplene

above the notch, the coordinates of marker 1 and marker 7 were used in conjunction with a third
point defined by the average thfe coordinates afharkers 3 and 5. Similarly, the plane below

the notch was calculated using markers 2, 4, 6 antié8plane is defined gquation9.

DWW WWw Wwa Q W
In order to calculate coefficients, @andc two vectors on the plane must be known; for

example, vectorg pand! pas shown irFigure2.32. The vectors, coefficients and constant for
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the plane above the notch were calculated accordiggt@mtions10, 11 and 12 respectively.
These calculations were performed for each time instant throughout the test allowing the

definition of a planedr each time instant.
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Figure 2.31: Tension Specimen and Marker Layout
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Figure 2.32: Vectors Used in the Calculation of Crack Openingf the Tension Specimens
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Once the planewere defined, the coordinates of the centroid of the blaeke calculated for
each time instant using the data from thekeaes.The X and Zcoordinates of the centroid of the

prism X; andZ.), assuming no twisting, weralculated agseeFigure2.33):

w — — pPT
AJN W
w — — pu
AJN W

Once these coordinateserecalculated theyvereused with theequationsof the planego obtain

the Y coordinate of the centroid above and below the notes,and Ygsotom respectively. The
crack openingwas then calculated as the difference betw&g# and Ygowom fOr each time
instant, minus the original difference at ialtiime to. Thetensileresponsgof thetestedsamples

for the FRG usedin the coupling beasarepresented irfsection 3.3.
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Figure 2.33: Tension Block Gentroid Coordinates

2.3.4 Compression Cylinder Tests

The compressive strength of the FRCs considered in this experimental work was
determined using standard 6 by 12 in. cylindbeg were cast along with the eight FRC coupling
beams testedhll cylinders were cured in a moisture room for at least 27 dagsapped with a
sulfur-based compound prior to testinhwo different compression tests were conduaisithg
an Instron SATEC 40&ip compression framén order to determine the compressive strength of
the FRC of each coupling beam specimsome cylindersvere testedhe same day of the
coupling beam tesh accordance with ASTM C3%94. These cylinders were loadiiag a rate of
35+ 7 psi/s However, in order to measure the full stregin response of the FRC cylinders
the majority of the cylinders wetestedunderdisplacement control atrate of 0.01 in./min. &r
these tests a grid of Optotrak markeras used to monitoraxial strains The marker layout
consisted of three columns of sensors locate®0° arcsIn order to track the displacement on
the sides of the cylindensot visible by the Optotrak cameramall aluminum angles were
epoxied to the cylinder sides to serve as base for the optical méiguee 2.34 shows the
marker layout used for the cylinder compresdests as well agzhe aluminum angles that were

used to support the markers on the sides of the cylinder.
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Figure 2.34: Marker Layout for Cylinder Compression Tests

Averagestrains were calculatealong all three columns of markers using the uppermost and
lowermost markes, i.e. markes 1 and 4 5 and 8and 9 and 12Comparison of these average
strains allowed the identification of any significant relative rotation that may have occurred
between the cylinelr ends during testing.he resulting strains were also compared to the strains
calculated at each third of the cylinderg(ébetween markers 1 and 2, 2 andaBd 3 and ¥to
ensure that the strains considered were representative of the overall coragsebsvior of the
cylinder. Finally, the strains near the centroid of the cylinder were calculadsdd on the
difference between the averageoordinate ofnarkers 1 and 9 and mk&rs 4 and 12An effort

was made to glue the angkasch that the averagnarker coordinate would represent that of the
centroid of the cylinder at the section considefiddus,it was assumed that the strains oédted

with the average coordinates of markers 1 and 9 and markers 4 and 12 were a reasonable

approximation of thaverageaxial strains on the centroid of the cylinder.
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3 Material Test Results

3.1 Flexural TestResults of FRC Notched Beans

The equivalent bending stress versdsflection responses of thdiber reinforced

concretes usei the testcoupling beamsre shavn in Figure3.1 throughFigure 3.8 Each curve
on a plot represents the response of a tested sample, cast from the same batches as the coupling
beams.Each specimen was identified according to the following namingerdion: copling
beam numberglg. CB1, CB2) followed by specimen type, where NB stands for notched beams,
B for un-notchedbeams, TB for tension blockand CYLN for cylindersand ending with the
specimen number. An example of this is CB1NB1, which identifiesfitee notched beam
corresponohg to the FRC used for casting Coupling Be@®B1. Equivalent flexural stresses
were calculated assuming linealastic, uncracked behavior of the beams urfder-point
bending as follows

00

4] PO
whereP is the total applied loadl, is the span length, armandh are the beam width and depth,
respectivelyFor the notched beantswasequal to 4.5 in while for the umotched beamis

was equal to 6 in.

For comparison purposes the average notched beam responséisSFRCs are presented in
Figure 3.9, normalized by the cracking strengi®,, of eachFRC. Figure 3.10 through Figure

3.18 show the flexural responses of the FRC notched beams in terms of equivalent flexural stress
versuscrack opening.The peak postracking strength’Q , and other parameters useo

describe the flexural response of the FRC notched beams, are presédisele 8i1.
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Figure 3.9: Normalized StressversusDeflection Response of FRC Notched Beams

In general, he flexural behavior of FRC notched beams was characterizedlibgaa elastic
portionfollowed by a drop in strengthgtt after first cracking, a nelimeardeflection hardening
region,anda nearly Inear descendingr softening branch. The FR@sth a volume fraction of
1.5% may or may ndiaveexhibitedthe drop in strength after first crackingn average, all the
FRGCs considered in this study exhibitedyrsficant deflection hardeningvhen tested sing
notched beamd he besbehavior was exhibited by the specimens with RC 80/30 BP fibers in a
1.5% volume fractionThis was expected, akdse fibers had the largest aspect ratio (80), the
largest tensilestrength(330 ksi), and have the smallest diameter (0.015compared to the

other two types of fibers investigated.

Two measures of ductility were used to further evaluate the behavior of the ER&peak

strength ductility(e,c), calculated as the ratio of the nsgan deflection at pegbostcracking
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strength @) to the deflection at first crackingk(); and2) a ductility corresponding t&2 "Q

in the descending brangky.,), calculated as the ratio of thefledionat™Q "Q (Ukc) tO Ug.

Table 3.1: Notched Beam Average Response Summary

H “Q “Q ™ ™ leI’ VC lijI’ —_ ~ — ~
Fiber Type Vi (0si) | (psi) QrQ (in) (iLr?.) (in) €pc= pdl M| Efer = el H
HE 55/35 | 1.25% | 730 | 960 | 1.31 | 0.0025|0.020 | 0.087 8 35
HE 55/35 | 1.50% | 780 | 980 | 1.27 | 0.0030|0.040 | 0.107 13 36
RC 55/30 BG| 1.00% | 650 | 990 | 1.51 | 0.0022|0.0%0 | 0.150 23 68
RC 55/30 BG| 1.25% | 700 | 930 | 1.3 | 0.0022|0.040| 0.109 18 50
RC 80/30 BP| 1.00% | 760 | 1060| 1.40 | 0.0034|0.040 | 0.107 12 31
RC 80/30 BP| 1.50% | 800 | 1440| 1.80 | 0.0030| 0.040 | 0.168 13 56

* Linearly extrapolated assuming a const@gcending branch slope beyandeflection 00.15in.

Equivalent Flexural Stress (psi)

Figure 3.10: StressversusCrack Opening ResponsgNotched Beams Corresponding to CB1)
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Figure 3.11: StressversusCrack Opening Respons€Notched Beams Corresponding to CB2)
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Figure 3.12: StressversusCrack Opening Respons€Notched Beams Corresponding to CB3)
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Figure 3.13: StressversusCrack Opening Respons€Notched Beams Corresponding to CB4)
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Figure 3.14: StressversusCrack Opening Respons€Notched Beams Corresponding to CB5)
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Figure 3.15: StressversusCrack Opening Respons€Notched Beams Corresponding to CB6)
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Figure 3.16: StressversusCrack Opening Respons€Notched Beams Corresponding to CB7)
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Figure 3.17: StressversusCrack Opening ResponséNotched Beams @rresponding to CB8)
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Figure 3.18: Normalized StressversusCrack Opening Response of FRC Notched Beams
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3.2 Flexural TestResults of FRC Un-notched Beamns

Theequivalent flexural stress versus rsiplan deflectin resposes for all the umotched beams
testedare shown irFigure 3.19 throughFigure 3.27. As for the notched beamd)etequivalent
bending stressesere calculatedusing Equation16. It must be notedhat he average response
presented for the specimens correspondir@oiaplingBeans CB1 and CB2 excludeSpecimen
CB1B2 andCB2B1, respectively. These specimens were eliminated from the average response
calculation due to their considerably different bB®avior, which vas considerednot to be
representative of the overall material behavesegigure3.19 andFigure3.20). The reason for

such different behavior, howavyés not known.
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Figure 3.19: StressversusDeflection Respons€Un-notched Beams Corresponding to CB}

46



1600 :
' - - ——CB2B1

: : ——CB2B2

— 1400 | BRI CB2B3 g
= _ ; e e ——CB2B4
K=! i m=mAvg. Response
o 1200 _ |
@ Vf: 1.2
{5 1000 - HE 55/
E =
Q 800 -
o
T
= 600 -
o
©
= 400 i
-
o
LLl

200 -

ok : 1 - 1
0 0.05 0.1 0.15

Mid-Span Deflection (in)

Figure 3.20: StressversusDeflection Respons€Un-notchedBeams Corresponding to CR)
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Figure 3.21: StressversusDeflection ResponséUn-notchedBeams Corresponding to CB)
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Figure 3.22: StressversusDeflection ResponséUn-notchedBeams Corresponding to CB)
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Figure 3.23: StressversusDeflection ResponséUn-notchedBeams Corresponding to CB)
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Figure 3.24: StressversusDeflection Respons€Un-notched Beams Corresponding to CB)

1600 T T T .
——(CB7B2
14001 CB7B3 1
——CB7B4
V= 1.5
1000 RC 80/ 3|

OO e o

600

400

Equivalent Flexural Stress (psi)

0 0.05

0.1 0.15

Mid-Span Deflection (in)

Figure 3.25: StressversusDeflection ResponséUn-notchedBeams Corresponding to CH)
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Figure 3.26: StressversusDeflection ResponséUn-notchedBeams Corresponding to CB)
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Figure 3.27: Normalized StressversusDeflection Response of FR@n-notchedBeams
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In general FRCs with a fiber volume fraction of 1.25% and % @xhibited strength recovery of
approximately 8% of the frst craking strengthaftera strength losgght after first cracking. No
deflection hardening was observed in these FRCs. On the otherladind~RG with a volume
fraction of 1.6 exhibited deflection hdeningbehavior.As for the notched beams, the best
behavior was exhibited by the material with RC 80/30 iBBr§ in a 1.5% volume fractioiihis

is attributed to their higher aspect ratio and tensile strengthbioed with a smaller diameter
compared to the other two fibers investigatéoen the lower performance exhibitbg the un
notched beams compared to the notched bedifferent measures of ductility were used to
evaluate the response of themwtched beams. Auctility €50 wascalculated as #hratio of the
mid-spandeflection corresponding torasidualstrength equal to® "Q (Uso) to the deflection at
first cracking (lUy) (seeTable 3.2). To further characterize the pestacking behaor of the
FRCs themid-spandeflections corresponding to the peak pwsicking strengthif) and toa
residualstrength’Q & UQ (Uys) arealsopresented iMable3.2. Also included inTable3.2 is
the ratio of the equivalent flexural stress at a-spdn deflection equal {0/150(0.12 in.) Q

to the peak postracking stress.

Table 3.2: Un-notched BeamsStressDeflection Behavior Sumnary

. “Q “Q »n N »n ” Ucr Upc 075 - .
Fiber Type Vi osi) | (psi) QMrQ |"Q I (in) (in) (in) Uso (in) | €s0

HE 55/35 | 1.25% | 890 | 825 | 0.93 0.44 | 0.0032| 0.010| 0.050| 0.114 | 36
HE 55/35 | 1.50% | 1100 | 1140| 1.04 0.49 | 0.0034| 0.00 | 0.065| 0.12 | 36
RC 55/30 BG| 1.00% | 940 | 850 | 0.90 0.60 | 0.0033| 0.0 | 0.070| 0.111 | 34
RC 55/30 BG| 1.25% | 1020| 790 | 0.77 0.54 | 0.0036| 0.00 | 0.030| 0.094 | 26
RC 80/30 BP| 1.00% | 940 | 775 | 0.82 0.54 | 0.0033| 0.0 | 0.050| 0.106 | 32
RC 80/30 BP| 1.50% | 930 | 1170| 1.26 0.49 | 0.0034| 0.0 | 0.100 | 0.135 | 40

* Linearly extrapolated assuming the descending branch slope is constant beyond a deflectioim of 0.15

In order to further evaluatethe flexural behavior of the FRGCgiven that the un-notched
specimens cracked at different locations witii@ middle third of the spafjgure3.28 through
Figure 3.36 show the flexural response of each of the FRCs in terms of equivalent flexural

stressesersus crack openingggEquation8).
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Figure 3.28: StressversusCrack Opening Responsg¢Un-notchedBeams Corresponding to CB)
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Figure 3.29: StressversusCrack Opening Respons¢Un-notched Beams Correspondig to CB2)
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Figure 3.30: StressversusCrack Opening Respons€Un-notched Beams Corresponding to CB3)
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Figure 3.31: StressversusCrack Opening Responsg¢Un-notched Beams Corresponding to CB4)
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Figure 3.32 StressversusCrack Opening Respons€Un-notched Beams Corresponding to CB5)
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Figure 3.33: StressversusCrack Opening ResponséUn-notched Beams Corresponding to CB6)
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